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Based on 122 106ð3SÞ events collected with the BABAR detector, we have observed the ð13DJÞ
bottomonium state through the ð3SÞ ! ð13DJÞ ! þð1SÞ decay chain. The significance
for the J ¼ 2 member of the ð13DJÞ triplet is 5.8 standard deviations including systematic uncertainties.
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The mass of the J ¼ 2 state is determined to be 10 164:5 0:8ðstatÞ  0:5ðsystÞ MeV=c2. We use the
þ invariant mass distribution to confirm the consistency of the observed state with the orbital angular
momentum assignment of the ð13DJÞ.
DOI: 10.1103/PhysRevD.82.111102 PACS numbers: 14.40.Nd, 13.25.Hw, 14.65.Fy
Heavy quark bound states below open flavor thresholds
provide a key probe of the interactions between quarks.
The mass spectrum and branching fractions of these states
can be described by potential models and quantum chro-
modynamics [1–3]. S-wave and P-wave bottomonium (b b)
states were first observed in the 1970s and 1980s. Only
recently [4] has a D-wave bottomonium state, the
triplet ð13DJÞ [5], been observed, where J ¼ 1; 2; 3. The
separation between the members of the triplet (intrinsic
widths about 30 keV=c2) is expected to be on the order of
10 MeV=c2 [2]. A single state, interpreted to be the J ¼ 2
member of the ð13DJÞ triplet, was observed [4] by the
CLEO Collaboration in the radiativeð13D2Þ ! ð1SÞ
decay channel, but the quantum numbers L and J [5] and
parity P were not verified.
In this paper, we report the observation of the J ¼ 2 state
of theð13DJÞ in the hadronicþð1SÞ decay channel,
with ð1SÞ ! ‘þ‘ (‘ ¼ e;). This decay channel has
been of interest for decades [2,6–8]. Predictions for the
branching fraction vary widely [6–8]. It provides better
mass resolution than the ð1SÞ channel and allows
L, J, and P, for which there is currently no experimental
information, to be tested, through measurement of the an-
gular distributions of the  and ‘. The only previous
result for this channel is the 90% confidence level
(C.L.) branching fraction upper limit Bð3SÞ!ð13DJÞ 
Bð13DJÞ!þð1SÞ Bð1SÞ!‘þ‘ < 6:6 106 [4].
The analysis is based on a sample of ð121:8 1:2Þ 
106 ð3SÞ decays collected with the BABAR detector at the
PEP-II asymmetric-energy eþe storage rings at the SLAC
National Accelerator Laboratory, corresponding to an in-
tegrated luminosity of 28:6 fb1. The BABAR detector is
described elsewhere [9]. Monte Carlo (MC) event samples
that include simulation of the detector response are used to
determine the signal and background characteristics, opti-
mize selection criteria, and evaluate efficiencies. Pure
electric-dipole transitions [10] are assumed when generat-
ing radiative decays.
The ð13DJÞ in our study are produced through
ð3SÞ ! bJ0 ð2PÞ ! ð13DJÞ transitions, with
J0 ¼ 0; 1; 2. To reconstruct the ð3SÞ ! þ‘þ‘
final states, we require exactly four charged tracks in an
event, two of which are identified as pions with opposite
charge and the other two as either an eþe or þ pair.
Pion candidates must not be identified as electrons. To
reject Bhabha events with bremsstrahlung followed by 
conversions, we require the cosine of the polar angle of the
electron with respect to the e beam direction to satisfy
cose < 0:8 in the laboratory frame. To improve the e

energy measurements, up to three photons are combined
with e candidates to partially recover bremsstrahlung [11].
The ð1SÞ candidate is selected by requiring 0:35<
meþe mð1SÞ < 0:2 GeV=c2 or jmþ mð1SÞj<
0:2 GeV=c2, where the invariant mass of the lepton pair
m‘þ‘ is then constrained to the nominal ð1SÞ mass value
[12]. The pion pair is combined with the ð1SÞ candidate to
form a ð13DJÞ candidate (mass resolution 3 MeV=c2). To
eliminate background from ! eþe conversions in
which both the eþ and e are misidentified as pions, we
reject events with a cosine for the laboratoryþ opening
angle cosþ; greater than 0.95 if the converted e
þe
mass is less than 50 MeV=c2 and events with a laboratory
angle between the þ pair and ‘ that satisfies
cosþ;‘ > 0:98.
Photons from ð3SÞ ! bJ0 ð2PÞ [bJ0 ð2PÞ !
ð13DJÞ] decays have energies between 86 and
122 MeV [12] (80 and 117 MeV [2]) in the ð3SÞ
center-of-mass (c.m.) frame. Our resolution for 80 MeV
photons is about 6.6 MeV. We require at least two photons
in an event: one (the other) with c.m. energy larger than
70 MeV (60 MeV). Photons from final-state radiation are
rejected by requiring the cosines of the laboratory angles
between the cascade photons and leptons to satisfy
cos‘; < 0:98. In the case of multiple photon combina-
tions, we choose the one that minimizes2 ¼ Pi¼1;2ðEi 
EiexpÞ2=2Ei , where Eiexp are the nominal [12] [for ð3SÞ !
bJ0 ð2PÞ] or expected [2] [for bJ0 ð2PÞ ! ð13DJÞ]
photon energies that correspond to one of the six possible
ð3SÞ ! bJ0 ð2PÞ ! ð13DJÞ transition paths al-
lowed by angular momentum conservation, with Ei
(Ei) the measured energies (resolutions). We verified
that the 2 procedure does not bias our results, using
simulated data samples in which the assumed ð13DJÞ
mass values are varied.
The ð13DJÞ candidate is combined with the two pho-
tons to form a ð3SÞ candidate, whose c.m. momentum
must be less than 0:3 GeV=c. The ð3SÞ mass is then
constrained to its nominal value [12]. Theð3SÞ laboratory
energy (resolution 25 MeV) is required to equal the
summed eþ and e beam energies to within 0.1 GeV.
We identify four background categories within our fit
interval 10:11<mþ‘þ‘ < 10:28 GeV=c
2: ð3SÞ de-
cays to (I) bJ0 ð2PÞ with bJ0 ð2PÞ ! !ð1SÞ and !!
þð0Þ, (II) þð1SÞ with final-state radiation,
(III) ð1SÞ with ! þ0ðÞ, and (IV) ð2SÞ
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or 00ð2SÞ with ð2SÞ ! þð1SÞ. Categories I
and II are the main backgrounds.
An extended unbinned maximum likelihood fit is ap-
plied to the sample of 263 events in the fit interval. The fit
has a component for each of the threeð13DJÞ signal states
and four background categories. The likelihood function is
L ¼ expðPjnjÞ
Q
N
i¼1½
P
jnjP jðmiÞ, with N the number
of events, nj the yield of component j, P j the probability
density function (PDF) for component j, and m the
þ‘þ‘ invariant mass.
The PDFs are derived fromMC simulations. Each signal
PDF is parameterized by the sum of two Gaussians and a
crystal ball function [13]. For background category I, we
use the sum of a crystal ball function, which describes the
!! þ0 events, and two Gaussians, which model
the two peaks from b1;2ð2PÞ decays to !ð1SÞ with !!
þ. A bifurcated Gaussian, a high statistics histogram,
and a Gaussian model the PDFs for backgrounds II, III, and
IV, respectively.
A large data control sample of ð3SÞ ! bJ0 ð2PÞ !
ð2SÞ events withð2SÞ ! þð1SÞ andð1SÞ !
‘þ‘ is used to validate the signal PDFs and mass recon-
struction. The control sample is selected using similar
criteria to those used to select the ð13DJÞ. The back-
ground contamination is about 2%. Only a small difference
is observed between the shapes of the ð2SÞ !
þ‘þ‘ invariant mass distributions in the data and
simulation. The signal PDF is adjusted to account for this
difference. The reconstructed ð2SÞ mass is shifted down-
wards by 0:70 0:15ðstatÞ MeV=c2 compared to its nomi-
nal value [12]. We apply this shift as a correction to the
ð13DJÞ mass results presented below.
Eleven parameters are determined in the fit: the three
signal yields and three masses, the yields of background
categories I and II, and—within background category I—
the b1ð2PÞmass and the relative yields of the b1ð2PÞ and
b2ð2PÞ peaks from !! þ decays. The mass differ-
ence between the b1ð2PÞ and b2ð2PÞ peaks is fixed to its
measured value [12]. The yields of background categories
III and IV are fixed to their expected values based on the
measured branching fractions [12,14].
Figure 1 shows the þ‘þ‘ mass distribution and fit
results. The results for the separated ð1SÞ ! eþe and
ð1SÞ ! þ channels are shown in Fig. 2. The eþe
channel has a smaller efficiency than theþ channel in
part because of the criteria to reject Bhabha events. The
differences in efficiency between the eþe and þ
channels, including those for the bJ0 ð2PÞ ! !ð1SÞ
background events, are consistent with the expectations
from the simulation within the uncertainties. We find
10:6þ5:74:9 ð13D1Þ, 33:9þ8:27:5 ð13D2Þ, and 9:4þ6:25:2 ð13D3Þ
events. The positions of the three signal peaks in Fig. 1 are
stable with respect to different initial assumptions about
their masses within the fit interval. The fluctuations at
around 10.13 and 10:18 GeV=c2 are discussed below.
The fitted background category I and II yields of 50 9
and 94 13 events agree with the MC expectations of 51
and 94 events, respectively. The fitted b1ð2PÞ mass value
of 10 255:7 0:7ðstatÞ MeV=c2 [after applying the shift of
þ0:7 MeV=c2 from the ð2SÞmass calibration] is in good
agreement with the nominal value 10 255:5 0:5 MeV=c2
[12], validating the calibration.
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FIG. 1. The þ‘þ‘ mass spectrum and fit results. The
two peaks near 10:25 GeV=c2 arise from bJ0 ð2PÞ ! !ð1SÞ
background events with !! þ.
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FIG. 2. The þ‘þ‘ mass spectra for the separated
(a) ð1SÞ ! eþe and (b) ð1SÞ ! þ channels. The
results of the fit are shown. The legend is given in Fig. 1.
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Fit biases are evaluated by applying the fit to an en-
semble of 2000 simulated experiments constructed by
randomly extracting events from MC samples. The num-
bers of signal and background events and the ð13DJÞ
masses correspond to those of the fit. The biases are
1:6 0:1, 1:8 0:2, and 1:0 0:1 events for the
ð13D1Þ,ð13D2Þ, andð13D3Þ, respectively. We subtract
these biases from the signal yields. The biases on the
masses are negligible.
Multiplicative systematic uncertainties arise from the
uncertainty in the number Nð3SÞ of ð3SÞ events in the
initial sample (1.0%) and in the reconstruction efficiencies
for tracks (1.4%), photons (3.0%), and particle identifica-
tion (2.0%). Additive systematic uncertainties originate
from signal and background PDFs, evaluated by varying
the PDF parameters within their uncertainties, background
yields, evaluated by varying the background category IV
(III) yield by its uncertainties (by100%), the fit bias, and
the ð2SÞ mass calibration. The fit bias uncertainties are
defined as the quadratic sum of half the biases and their
statistical uncertainties. The mass calibration uncertainty is
taken to be half the ð2SÞ mass shift added in quadrature
with the ð2SÞ mass uncertainty [12]. The overall additive
uncertainties for the signal yields (masses) are 1.5–2.0
events (0:48 MeV=c2) and are dominated by the contribu-
tion from the background yields [ð2SÞ mass calibration].
As a check, we repeat the fit with an additional back-
ground term, given by a second-order polynomial. The
purpose of this check is to test for the effect of potential
unmodeled background. The parameters of the polynomial
are left free in the fit (thus there are 14 free parameters).
The fitted ð13DJÞ yields are affected by less than 0.5
events compared to our standard fit, for all J values. The
shifts in the fitted mass values are less than 0.05 MeV.
Since this polynomial background term is not motivated by
any known source and since the description of the back-
ground without the additional term is good, we do not use
this alternate background model to define a systematic
uncertainty.
We define the statistical significance of each ð13DJÞ
state by the square root of the difference between the value
of 2 lnL for zero signal events and assuming the bias-
corrected signal yield, with the masses and yields of the
other two states held at their fitted values. These results are
validated with frequentist techniques. Systematics are in-
cluded by convoluting L with a Gaussian whose standard
deviation () equals the total systematic uncertainty. The
significances of the ð13D1Þ, ð13D2Þ, and ð13D3Þ ob-
servations are 2.0 (1.8), 6.5 (5.8), and 1.7 (1.6)  without
(with) systematics included, respectively. If we use the raw
signal yields, rather than the bias-corrected yields, the
statistical significances of the J ¼ 1, 2, and 3 states are
2.4, 6.2, and 2.0 , respectively.
From Fig. 1 it is seen that the data exhibit upward
fluctuations at þ‘þ‘ masses around 10.13 and
10:18 GeV=c2. To investigate the significance of these
fluctuations, we reperform the fit with the J ¼ 1 mass
constrained to 10:13 GeV=c2 rather than leaving it as a
free parameter. An analogous fit is made with the J ¼ 3
mass constrained to 10:18 GeV=c2. The statistical signifi-
cance for this alternate J ¼ 1 (J ¼ 3) peak, evaluated
using the raw signal yield, is 2:0 (1:3), compared to
2:4 (2:0) for our standard fit. The J ¼ 2 signal yield and
mass shift by less than 1 event and 0:04 MeV=c2, respec-
tively, in these alternate fits.
We determine branching fractions by dividing the bias-
corrected signal yields by the selection efficiencies and
Nð3SÞ. The significances of the ð13D1Þ and ð13D3Þ
peaks are low and we do not have clear evidence for
them. For the J ¼ 1 and 3 states, we also present upper
limits on the branching fractions assuming the fitted
masses. The efficiencies for the six allowed ð3SÞ !
bJ0 ð2PÞ ! ð13DJÞ paths differ by up to 7.5% and
therefore do not factorize, leaving six unknown branching
fractions but only three measured signal yields. However,
91.4% of the ð3SÞ ! ð13D1Þ and 88.7% of the
ð3SÞ ! ð13D2Þ transitions are predicted [2] to pro-
ceed through the b1ð2PÞ state, while ð3SÞ !
ð13D3Þ transitions can only proceed through the
b2ð2PÞ. Therefore, we evaluate the branching fractions
for the dominant modes only, using the predicted ratios of
the branching fractions to account for the nondominant
transitions. The efficiencies of the dominant modes, aver-
aged over the ð1SÞ ! eþe and þ final states, are
26:7 0:1%, 26:7 0:1%, and 25:7 0:2% for the
ð13D1Þ, ð13D2Þ, and ð13D3Þ, respectively.
The branching fraction products for the dominant
modes BJ0J  Bð3SÞ!bJ0 ð2PÞ BbJ0 ð2PÞ!ð13DJÞ 
Bð13DJÞ!ð1SÞ Bð1SÞ!‘‘ (or the upper limits at
90% C.L. with systematics included) are, in units of 107,
B11 ¼ 1:27þ0:810:69  0:28ð<2:50Þ, B12 ¼ 4:9þ1:11:0  0:3,
and B23 ¼ 1:34þ0:990:83  0:24ð<2:80Þ. We determine the
ð13D2Þ mass to be 10 164:5 0:8 0:5 MeV=c2, which
is consistent with, and more precise than, the result
10 161:1 0:6ðstatÞ  1:6ðsystÞ MeV=c2 from CLEO [4].
From the ð3SÞ ! bJ0 ð2PÞ branching fractions
and uncertainties [12] and bJ0 ð2PÞ ! ð13DJÞ
branching fraction predictions [2] we determine
B½ð13DJÞ ! þð1SÞ (or 90% C.L. upper limits
including systematics) to be 0:42þ0:270:23  0:10%ð<0:82%Þ
for the ð13D1Þ, 0:66þ0:150:14  0:06% for the ð13D2Þ, and
0:29þ0:220:18  0:06%ð<0:62%Þ for the ð13D3Þ, which lie
between the predictions of about 0.2% from Ref. [7] and
2% from Ref. [8].
Figure 3(a) shows the þ mass distribution for
events in the ð13D2Þ signal region 10:155<
mþ‘þ‘ < 10:168 GeV=c
2 after subtraction of the
backgrounds using the estimates from the fit. The data
are corrected for mass-dependent efficiency variations.
Shown in comparison are the expectations for the decay
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of a D [15], S [15], or 1P1 [16] bottomonium state to
þð1SÞ. The resulting 2 probabilities of 81%,
11%, and 10%, respectively, strongly favor the D state.
The distribution of the angle  between the ‘þ‘ and
þ planes in the ð13DJÞ rest frame, for events in the
ð13D2Þ signal region, is shown in Fig. 3(b). The data are
corrected for background and efficiency. The  distribution
is expected to have the form 1þ 	 cos2 with sgnð	Þ ¼
ð1ÞJP [17], where P is the parity. A fit to the data yields
	 ¼ 0:41 0:29ðstatÞ  0:10ðsystÞ, consistent with the
expected assignments J ¼ 2 and P ¼ 1.
The background-subtracted, efficiency-corrected distri-
bution of the helicity angle , for events in the ð13D2Þ
signal region, is shown in Fig. 3(c), where  is the
angle of the þ in the þ rest frame with respect
to the boost from the ð13D2Þ frame. For D-state
decays to þð1SÞ,  follows a 1þ 
2 ð3cos2  1Þ
distribution, where 
 is a dynamical parameter to be de-
termined experimentally. For S-state decays, the 
distribution is flat (
 ¼ 0). A fit to data yields 
 ¼
1:0 0:4ðstatÞ  0:1ðsystÞ, disfavoring the S state.
In summary, we have observed the ð13D2Þ bottomo-
nium state through decays to þð1SÞ. The signifi-
cance is 5:8 including systematic uncertainties. We
improve the measurement of the ð13D2Þ mass and deter-
mine the ð13DJÞ ! þð1SÞ branching fractions or
set upper limits. We use the þ invariant mass, the
angle between the þ and ‘þ‘ planes, and the þ
helicity angle, to test the consistency of the observed state
with the expected quantum numbers L ¼ 2 and J ¼ 2 and
parity P ¼ 1 for the dominant member of the triplet
ð13D2Þ.
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FIG. 3 (color online). (a) The þ mass spectrum in the
ð13D2Þ signal region. The area under each curve equals the
number of events. (b),(c) Distributions in the ð13D2Þ signal
region of (b) the angle  between the þ and ‘þ‘ planes
and (c) the þ helicity angle. The uncertainties include both
statistical and systematic terms.
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